Proton beam delivery technology is under development to minimize the scanning spot size for uniform dose to target, but it is also known that the superficial dose could be as high as the dose at Bragg peak for narrow and small proton beams. The objective of this study is to explore the characteristics of dose distribution at shallow depths using Monte Carlo simulation with the FLUKA code for uniform scanning (US) and discrete spot scanning (DSS) proton beams. The results show that the superficial dose for DSS is relatively high compared to US.
Introduction
Advances in proton therapy delivery methods have sprouted debate over the strengths and weaknesses of different systems. The earliest design and most popular system employed a passive scattering technique in which a proton beam passes through scattering foils and propellers or ridge filters (1) to create a spread out Bragg peak (SOBP). In this design beam shaping is typically performed with patient specific devices such as apertures and compensators. However an alternative beam delivery design available to some proton treatment centers is to actively scan the proton beam to treat the desired volume within the patient. It is widely believed that the newer active scanning techniques have advantages over passive scanning in their ability to create more conformal dose distributions but more importantly to decrease both the proton beam neutron contamination and its level of induced radioactivity in the field shaping apertures (2) (3) (4) .
Although there are multiple technologies now employed for actively scanning a proton beam, two main types are discussed here: uniform scanning (US) and discrete spot scanning (DSS). In an US system, the proton beam is directed using scanning magnets and a range modulator to create a uniform field and SOBP at Volume 14 Number 5 October 2015 Technology in Cancer Research & Treatment 2014 June 16. Epub ahead of print depth as shown in several publications (5) (6) (7) . For this type of system, the beam intensity remains constant and is swept over the transverse area of the patient's treatment field (with pre-specified additional margins) in contiguous end-to-end and layer-by-layer passes of scan lines using range modulators. Distinctly, DSS systems are able to deliver the proton beam to a discrete spot within the treatment field, with the beam cycled off while it is directed to the next area of the field before it is turned on again. Moreover, the beam intensity may vary as the beam is swept through the treatment field (without additional margins) layer-by-layer. Therefore, as its name would suggest, a uniform dose is delivered with the US method, while DSS results in a number of discretely placed overlapping "spots" in the treatment field with possibly uneven dose.
It is a general community belief that DSS is superior to US because of its potential ability for better conformation of a high dose region to the target volume and potential for intensity modulated proton therapy (IMPT). However, it should be pointed out that even the smallest achievable diameter of a scanning beam is not capable of delivering an optimum dose distribution at every spatially located target volume (8) . With currently available beam shaping technology, beam diameters as narrow as 1.2 cm full width half maximum (FWHM) are achievable and state-of-the-art proton delivery systems dedicated for spot-scanning have demonstrated that beam diameters vary from 1.2 cm at 221.8 MeV to 3.4 cm at 72.5 MeV in air (6, 9) . It has been shown recently that spot sizes (FWHM) of 1.1 cm for 140 MeV and 0.68 cm for 226.7 MeV in air are realistically achievable with the novel IBA pencil beam system (10) . The progress in development of the laser driven proton accelerator technology can bring the spot size to few mm (11) .
Previous models for creating proton microbeams (10 mm diameter) for radiosurgery have shown that surface dose can increase to levels far above the Bragg peak dose as the beam diameter is made smaller (12) (13) (14) . The potential benefits of IMPT using DSS need to be weighed against the possibility of unintentional adverse effects, such as overdosing superficial normal tissues at the entrance area of the beam.
The objective of this study is to ascertain and compare the differences in dose at shallow depths using Monte Carlo simulation of the two different proton beam scanning techniques, US and DSS.
Methods and Materials

Beam Nozzle Layout Models
The scanning beam nozzle layout model generalizes a design including typical components (see Figure 1A ). This nozzle layout mimics an IBA Universal Nozzle which contains air. The Hitachi delivery system contains helium chambers at the beam pass (6, 7, 9) . To minimize beam scattering in air, a vacuum inside the nozzle is assumed.
The simulation of a proton beam passing through the nozzle starts after the Quadrupole Magnets I. The model layout included an ion chamber beam monitor (ICBM), located upstream of the scanning magnet, and a patient dose monitor (PDM) inside the nozzle (see Figure 1A ). Nozzles usually have two scanning magnets X and Y, however, a single magnet design is available (15) and was modeled here. The ICBM and PDM were simulated as those used at the IU Health Proton Therapy Center (5, 7) . This layout is called a "conventional nozzle" layout in this paper.
One possible modification of the layout is modeled reflecting the recent trend in nozzle design from IBA (7, 10) which includes Quadrupole Magnets II set after the first monitor (ICBM) and moving the second monitor (PDM) to the exit of the nozzle (see Figure 1B ). The nozzle contains a vacuum chamber in the beam path. This layout is called a "modified nozzle" or "pencil beam nozzle" layout in this paper.
The air gap between the nozzle and a water phantom is set to 5 cm for all simulations. The mechanical isocenter is placed at 32 cm from the nozzle exit.
Proton Beam Characterization
The characteristics of the beam entering the nozzle were set to mimic currently achievable beam parameters (7, 9, 10, 16) . The lateral proton fluence of a beam entering the nozzle is modeled as a Gaussian distribution with σ of 0.1 cm for all energies in the conventional nozzle layout. The influence of the beam size reduction on spot size is simulated with a smaller σ for illustration. A set of the sizes ranging from σ of 0.021 to 0.637 cm (FWHM of 0.05 to 1.5 cm) are simulated for the beam output of the modified nozzle layout.
The energy spectra (energy spread) of protons is approximated by a Gaussian distribution. Beam energies for the simulation are chosen to be 93.5, 130.8, 152.6, 173.9 and 206.8 MeV with an energy spread (FWHM ) of 0.8, 2.2, 1.4, 1.3 and 2.1% respectively. The angular spread of the beam is set at 0.003 mrad.
Monte Carlo Simulation
The Monte Carlo simulation is performed to generate three dimensional dose distributions in air and water phantom for a single spot from the proton beam in the two nozzle layouts described above. Monte Carlo general-purpose particle transport code FLUKA version 2011.2.16 is used in this simulation (17, 18) .
The default setting 'PRECISIO' in FLUKA general-purpose Monte Carlo code is applied to customize the settings of the physical model used in the simulation (18) . The initial proton transport was simulated with a cutoff energy at 100 keV. The delta-electron transport is included in this simulation. The USRBIN cards are used for scoring the proton dose. Twenty million initial protons are used to generate the dose from the scanning beam spot in 3D space with a voxel size of 0.010.010.05 mm. The estimated statistical error was not more than 2% along the beam axis.
The Monte Carlo generated data sets for single spots are used for numerical simulation of the scanning pattern. The spot characteristics in air, in water phantom, and dose deposition in the two different scanning scenarios, namely US and DSS, are simulated. The numerical integrations of US and DSS beam patterns (see Figure 2 ) were performed with the aid of MATLAB (R2012a) (The MathWorks, Inc.) program (19) .
The beam spreads in both air and water phantoms are simulated to characterize energy deposition from modeled scanning beams. The beam spread is described by the parameter sigma 1 (σ), the Gaussian approximation of the main part of the dose distribution in a single spot (20) . The results are presented below in terms of σ. 1 The parameter σ is mathematically related to full width half maximum (FWHM) by FWHM  2.35482 σ.
The offset Δ (see Figure 2 ) between scanning lines in a US method or between spots in a DSS method is set to 2.2-2.3 of beam spread σ air in air. This offset Δ is the mathematical optimum summation of two Gaussian distributions to achieve a satisfactory uniformity in dose coverage while keeping the lateral dose edges reasonably sharp (21) .
Two iterative scanning scenarios are considered to compare doses at shallow depths for US and DSS active proton beam delivery techniques when treating hypothetical small fields of both 0.9  0.9 cm 2 and 1  12 cm 2 , as well as a large 7  12 cm 2 field. The offset Δ center-to-center of the discrete spot shots for the DSS models are 2.3 σ air for a single shot in air (see Figure 2 ). US is performed with the same 2.3 σ air offset between scanning lines.
The SOBP was calculated for the scanning beam in the modified nozzle layout applying the range modulator plates modeled as layers of polymethylmethacrylate (PMMA) (density of 1.157 g/cm 3 ) with the thicknesses assuring a 3 mm pull back of the pristine Bragg peak for each layer. The 3 cm SOBP for the fields 0.9  0.9 cm 2 and 3 × 3 cm 2 are simulated for the DSS method. The dose fields for SOBPs are calculated with the reference to σ water in water phantom in the position of the distal spots.
Results
Proton Beam Spot Size in Air and Water for Conventional Nozzle Layout
The results of the simulation of the spot size in air and in water phantom for beam parameters currently achievable in a conventional nozzle layout are provided in Table I . The beam spot is usually characterized by the size of the beam in air at isocenter. It is seen from the Table I that actual sizes of the spot at the position of the Bragg peak in a water phantom differs significantly from those stated in air for the therapeutic beam energies studied (206.8 to 130.9 MeV). The beam spot size at the isocenter in air has a Gaussian distribution of particle fluence with a sigma ranging from σ air  0.3 to 0.5 cm for high and low energies, respectively. However, the beam spot size in water, σ water is about 0.5 to 0.7 cm at the position of the Bragg peak for these therapeutic proton energies.
The reduction of the beam size at the nozzle entrance does not affect the size of the spot considerably for a conventional nozzle layout. Thus, the beam size of σ  0.1 cm at the entrance of the nozzle produces a spot size in air of σ air  0.39 cm at the isocenter for a beam with a 16 cm range. Reductions of the beam size to σ  0.025 and 0.001 cm yields spot sizes σ air of 0.3894 and 0.3893 cm at isocenter, respectively. Our model shows that the invariance of the spot size is defined by the scattering of protons on the ICBM and PDM foils and the distance from these monitors to the isocenter forms a source of the scattered proton component for the proton pencil beam. Hence, by minimizing the L3 value in the model (Figure 1 ) and by compensating for scatter at the ICBM with the addition of Quadrupole Magnets II in the modified nozzle layout, improvements in the achievable beam spot size are obtained.
Dose Distribution in Water Phantom for a Single Spot Proton Beam
The dose distributions and percentage depth dose (PDD) of a single spot proton beam with the width σ  0.1 cm at the entrance of the nozzle for a conventional nozzle layout are shown in the Figure 3 for the three proton ranges of 6.5, 16 and 27 cm in water phantom. As shown in Figure 3 , the dose distribution forms a maximum at the shallow depths with an increase of the initial beam energy. The relative superficial dose is higher for higher energy beam. For example the superficial dose is 160% of the Bragg Peak dose for the 27 cm range beam for small field of (a beam with σ  0.1 cm at the entrance of the nozzle).
Furthermore, Figure 4A illustrates that there is dose enhancement at shallow depths that increases with the reduction of the incident beam size. These surface doses were calculated using the modified nozzle layout. In this case, some of the beams we modeled are smaller than what is currently achievable with known technology, specifically those proton beams with σ air smaller than 0.3 cm. Our data also show that reducing beam spot size in air does not reduce spot size at the Bragg peak. As seen from Figure 4B , there is a limit of our ability to reduce the spot size in water as the spot size is air is made narrower. For example, the reduction of the spot size from σ air  0.085 to 0.0212 cm will reduce a spot in a water phantom from σ water  0.369 to 0.355 cm at the position of the Bragg peak for a 16 cm range proton beam. The functional dependence between σ air and σ water reaches extremum for smaller spot size ( Figure 4B ). Figure 4C demonstrates the surface dose theoretically will be ten times higher than Bragg peak dose corresponding to reductions in the beam spot size. This curve reaches an asymptotic value beyond σ air of 0.8 cm where superficial dose is in the clinically accepted range of 40-60%.
Dose Distribution in Water Phantom for Scanning Proton Beams
US and DSS: Small Fields:
Using a conventional nozzle layout, scanning models are performed with currently achievable beam sizes. Figure 5 shows PDDs for both US and DSS methods using a single scan line simulation of 12 cm total length. Figure 5A shows that for a small field of size 1  12 cm 2 (spot σ air  0.296 cm) using US, the superficial dose is 60% of the Bragg peak maximum. Figure 5B shows the PDD curves for the DSS method. The red line represents the PDD passing through the center of the scanning spot. The blue line represents the PDD between the centers of the spots (the offset is of 1.1 σ air from the center of the spot). In this case, there is a considerable dose difference between the center of the beam spot shots on the surface and the area between the spots. The difference between two superficial dose PDDs is approximately 18% with the area directly hit by the spot approximately 70% of the Bragg peak dose and the mid-point of the area not directly in the beam's path approximately 52% of the Bragg peak dose. Figure 6 illustrates the dose deposition of a theoretical spot size σ air  0.0212 cm using a DSS technique. The dose distributions from this model show considerable increases in dose at shallow depths up to 2 cm deep. Our data show that the superficial dose in DSS could reach 100% of dose at the Bragg peak with dose variations along the spot's pathway with a spot step offset of 1.8 σ air .
US and DSS: Large Fields:
The PDDs and lateral beam profiles for both US and DSS beam control methods in a conventional nozzle layout are presented in Figure 7 for a larger field, 7  12 cm 2 . The dose distributions are normalized to Bragg peak value.
The dose distribution at treatment depth (defined by position of Bragg peak for a given proton energy), is relatively uniform for both US and DSS techniques ( Figure 7C and 7F) . Figure 7A , 7B, 7D, and 7E shows that the superficial dose variations are approximately 5% between scan lines at surface depths in the US method and up to 10% in the DSS method.
SOBP in a Discrete Spot Scanning Beam
The dose distributions for DSS beam control methods in a modified nozzle layout are presented in Figure 8 for 3  3 cm 2 field. The first layer is defined by the proton beam of 16 cm range. The dose distributions are normalized to the center of the SOBP at a depth of 14.5 cm. Figure 8B presents the dose distribution in the lateral plane (X,Y) at 1 mm depth. the beam alternates between on and off as it is moved from position to position, the overall profile demonstrates peaks in intensity for each position in the linear field. The result is a "saw tooth" beam profile, as observed up to 3 to 4 cm depths in a water phantom, in a linear scan, and a double saw tooth pattern of considerable dose heterogeneity within a large scanned field (Figure 7) . This finding has also been noted in a recent study on proton microbeam applications at 3 and 5 cm depths (14) .
The degree of dose uniformity at shallower depths for US is due to a summation of dose contributions from the contiguous nature of the beam. High superficial dose for a single proton beam is caused by protons scattered off-axis from the central beam delivering a dose spread laterally to the pristine Bragg peak. This characteristic is clearly evident in the PDD data for DSS beam. Furthermore, the proton fluence at the central axis of the beam is reduced as the beam diameter is made smaller. Therefore, reductions in beam diameter may contribute to further increase in relative dose at superficial depths beyond those already shown in DSS beam.
Our data show that relative superficial dose is much lower than Bragg peak dose when larger beam diameters are used such as σ air  0.425 and 0. 637 cm that correspond to 1.0 and 1.5 cm diameter FWHM beams respectively. Figure 4 shows that when the diameter of the beam is decreased, the PDDs at superficial depths are correspondingly increased when compared to Bragg peak dose. Even with DSS as an available method for dose painting as a first step toward this level of dose distribution, the beam size based on the present technology is still too broad for IMPT (8) . It would seem that as the spot size is further decreased to achieve this goal; the superficial dose increase may become a major issue with small-size proton beam. While our model indicates that it is theoretically possible to decrease the spot size using a modified nozzle layout, it would, on the other hand, call into question the ultimate value of a narrower beam when considering potential increases in superficial dose. The superficial dose variations (up to 70% in the illustrative SOBP case), and the irregularity of its distribution raises the question of the unknown possible effects on healthy tissue. In particular, the experience from photon beam GRID therapy suggest that higher tissue damage may be expected in comparison to a uniform dose field (22) . The possibility of the bystander effect (23, 24) can affect the desired goal to minimize the beam size for true voxel-by voxel painting in IMPT with a DSS method. Additional complications could be seen especially for abdominal radiation due to metabolic syndrome (25).
This aspect of radiobiological response of healthy tissue has not been previously reported for ion beam therapy. We believe the results of this study indicate that further research is needed into the possibility that DSS and proton microbeams might become mutually exclusive technologies as the 
Discussion
Monte Carlo simulation shows that both US and DSS techniques provide uniform dose coverage at the depth of the pristine Bragg peak. However, the doses at superficial depths have a pronounced heterogeneity in DSS for small fields compared to US. This heterogeneity is less pronounced but not completely eliminated, when comparing the two beam control modes in large scanning fields. The US beam, by its nature of scanning uniformly across the treatment field, has a uniform beam profile while scanning in a contiguous line. There is, however, non-uniform dose at the surface for the spaces in between the parallel scanning lines. The DSS beam has a predictably jagged profile caused by the beam's toggling between on and off as it is moved into each subsequent position across the irradiated field. Because of the fact that skin toxicities might limit their use together. Finally, when treating large targets with uniform dose, such as craniospinal irradiation, there is no advantage for decreasing the size of the beam further than what is currently available.
Conclusion
Our model for evaluating and quantifying the superficial dose for US versus DSS techniques for controlling a proton beam shows that DSS delivers a highly heterogeneous dose compared to US at superficial depth with comparable doses at the Bragg peak. Superficial dose will become higher as the diameter of the proton beam is narrowed with future developments in nozzle design. The ultimate goal of differentiated proton dose delivery with high resolution in a manner similar to photon intensity modulated radiation therapy may be compromised by the dose heterogeneity at shallower depths. The radiobiological impact to normal tissues of highly heterogeneous doses at superficial depth several times higher than the Bragg peak doses is not known for proton beams. For a single field setup, US with currently achievable beam sizes seems to deliver a more homogenous dose distribution at shallow depths while also maintaining a lower surface dose relative to Bragg peak dose when compared to DSS technique. When comparing the merit of US to DSS, evaluation of dose from scattered particles and neutrons as well as cost associated with both techniques should be carefully examined.
